We have studied the paradigm of cosmic inflation using the simplest model based on the idea of supersymmetric hybrid inflation with non-minimal coupling to gravity, specially under the slow-roll approximation following the superconformal approach to supergravity. It is found that within certain ranges of values of the non-minimal coupling parameter ξ, the model can accommodate the inflation data reported by the BICEP2 experiment as well as the data on the upper limit of the tensor-to-scalar ratio r set by the Planck and BICEP2/Keck collaborations. The study shows that the most probable value of ξ should be ∼ 0.0046 ± 0.0005. That is coupling is found to be very week. Within this range of ξ, the values of r estimated from our model for 50 − 70 e-foldings are found to lay well below the upper limits set by the Planck and BICEP2/Keck collaborations. Similarly, values of ns obtained for the said parameters are in good agreement with its latest data of the Planck collaboration. The derivations of the constraint equations for the running of the scalar spectral index n sk and its running n skk from our model prove the ingenuine mathematical structure of it. These equations can be used to test our model from the data of future cosmological observations.
I. INTRODUCTION
The paradigm of cosmic inflation [1] [2] [3] [4] [5] [6] [7] not only solved the outstanding problems of modern cosmology, such as the horizon and flatness problems [6, 7] , but also it explains the origin of the temperature anisotropy of Cosmic Microwave Background (CMB) radiation as observed by the Cosmic Background Explorer (COBE) satellite [8] . The recent observations of the Planck satellite [9, 10] on the CMB anisotropies has provided even more strong evidence of the existence of the epoch of inflation. The tempting evidence of the cosmic inflation comes from the BICEP2 experiment [11] , who recently claimed to has been detected the B-mode polarization of the CMB temperature anisotropy. These detected B-modes are supposed to be generated by primordial gravitational waves, which are due to quantum fluctuations of the graviton. So, if this result is confirmed by future checks then it will establish that the gravity is ultimately a quantum theory. This would imply that the physics of cosmic inflation, which we still do not understand in the fully fundamental sense, lies beyond the standard model. However, the latest results from the analysis of data taken by the BICEP2 and Keck Array [12] set a (combined) upper limit for the B-mode polarization that is in consistent with the upper limit set by the most recent results of Planck experiment [10] as well as set by the WMAP experiment [13] earlier.
According to a large number of models of cosmic inflation, the inflation is generated by a homogeneous scalar field, called inflaton, which under suitable conditions may lead to an early-time accelerated expansion of the Universe. The magnitude of the inflaton field is typically very large at the beginning of the inflation and then it rolls down towards a potential minimum where the inflation ends (as an example for chaotic inflation see Ref. [14] ). Another important but complex class of models which are based on a phase transition between two scalar fields are known as hybrid or double inflation models [15, 16] . In the hybrid inflation scenario one of the two interacting fields generates the inflation and is known as the inflaton field as usual. The second field which is dubbed as the waterfall field remains ineffective during inflation, but it ends the inflation by triggering an instability at a time when the inflaton field reaches the minimum of its potential. The waterfall field is a heavy field so that it can generate sufficient instability to stop the inflation.
As the inflation takes place at a much higher energy scale (the Planck scale) than the electroweak energy scale, a hierarchy problem exists between these two energy scales [17] . One of the most effective natural solution to this problem is the implementation of the theory of supersymmetry (SUSY) [18] , which ensures the stability of such a large hierarchy against radiative corrections, to the theory of inflation. This stability is very essential to keep the flatness of inflaton potential at the quantum level. Thus, it is important to study inflation in the framework of the gravity version of SUSY, i.e., in the framework of supergravity. The hybrid inflation scenario has the natural structure that is suitable to incorporate the framework of supergravity within it. The only new constraint brought to this scenario by supergravity is that, the inflaton field values should be less than the reduced Planck mass, otherwise flatness of the potential may be destroyed making the onset of inflation more difficult [19, 20] .
Application of SUSY to the inflationary paradigm shows that the Higgs doublet superfield has to play the role of inflaton field. This supersymmertic Higgs model inflation requires only local SUSY, i.e. supergravity to solve the Einstein equation. Again for the mass of the Higgs field to lie within the bound set by current findings of LHC [21] and to get sufficiently flat Higgs field potential, there must be a large non-minimal coupling of the Higgs field to the curvature scalar, of the form ξφ 2 R. The Jordan frame action of the inflaton field in such models contain a canonical kinetic term of the Higgs field but the gravity part of the action changes due to the non-minimal coupling of gravity with Higgs field. With this action it is not possible to use familiar equation of general relativity, the inflationary solutions and the standard slow-roll analysis. However, all these can be achieved if one makes the transformation of the action from Jordan frame to the Einstein frame where variables show minimal coupling between the Higgs field and the gravity [22] . This transformation can be done by the superconformal approach to supergravity developed in [23] , so that the original superconformal symmetry can be recovered. Most recently there is a wave of interest to implement the supergravity in the inflationary paradigm using non-minimal gravity coupling with the Higgs inflation field via superconformal approach to supergravity (e.g. see [17, and references therein). This wave is mainly to study the behaviour of various models derived in the past in the context of general relativity coupled to scalar fields with or without supersymmetry. The flow in this context is mainly concentrated towards the direction of the chaotic inflation scenario only. However, in Refs. [46] [47] [48] [49] [50] different aspects of inflation including primordial perturbations and isocurvature modes were studied using the multifield model with non-minimal coupling to gravity within the domain of standard theories. Similarly, the connection between hybrid inflation and the models of higgs inflation in supergravity with non-minimal coupling was analysed in the Refs. [51, 52] , wherein it was shown that the observable gravitational waves can be achieved by avoiding transplanckian excursions of the initial (non-canonically normalized) inflaton and without provoking any problem with perturbative unitarity. Thus study of hybrid inflationary models in supergravity with non-minimal coupling to gravity would be interesting and hence it invites our attention in this direction.
There are two types of hybrid inflation models derived from SUSY: F-term and D-term hybrid inflation [53] . As the F-term type naturally fits with the Higgs mechanism so most of the studies are done on this type of hybrid inflation models only. As such, in this work we study the simplest F-term SUSY hybrid inflation model [54, 55] with a non-minimal coupling to gravity to see the consequences of this coupling in a simplest possible mean. In this context, it should be mentioned that in the Ref. [56] a systematic study was done on the suitability of inflation model building in Jordan frame supergravity, where it shows that the inflationary models have strong dependency on non-minimal coupling to gravity and in many cases the supergravity contributes to the flattening of the potential in the Einstein frame, that would be suitable for slow-roll inflation. Here, we will basically investigate the above cited model in the Einstein frame under the slow-roll inflation scenario, in the light of recent cosmological observations. The rest of the paper is organized as follows: For clarity of the theoretical basis of the work we introduce the idea of the superconformal approach to supergravity in the next section. In the section 3 we develop the cited hybrid inflation model with a non-minimal coupling to gravity. Features of the developed model and their possible consequent implications following the slow-roll approximation scenario are discussed in the section 4 and 5. We conclude our work finally in the section 6.
II. SUPERCONFORMAL THEORY IN SUPERGRAVITY
Until recently it was not possible to implement the idea of Higgs inflation in SUSY models because the superconformal theory brings the supergravity action directly to the Einstein frame, after which the original superconformal symmetry can not be recovered [45] . With the new approach developed in [23] , it is now possible to formulate supergravity action in the Jordan frame by setting the superconformal compensator in a more general and flexible way. The complete N = 1, 4D supergravity action in Jordan frame derived in [23] is
In this action, F (X ,X ) is the general frame function, which is an arbitrary function of complex scalar superfields X andX . Ψ µ is the gravitino field with its kinetic term R µ . The kinetic terms of spin 0,
and L Df represent the fermion mass terms, mixing terms, kinetic D terms and 4-fermion terms respectively. The details about all these terms can be found in [23] . V J is the Jordan frame potential given by [22, 23] 
where K(X ,X ) is Kähler potential, W(X ) is the holomorphic superpotential, f AB (X ) is the kinetic gauge matrix, P A is the momentum map or Killing potential (it encodes the Yang-Mills transformation of the scalars), g αβ is the Kähler metric, which is given by the second derivative of the Kähler potential
and ∇ α W(X ) denotes the Kähler-covariant derivative of the superpotential which has the form,
Here the subscript α denotes derivative with respect to complex field X α . If we set F = − 3 in the action (1), the general N = 1, 4D supergravity action in an arbitrary Jordan frame reduces to the well known action of N = 1, 4D supergravity in the Einstein frame, where the curvature R appears in the action only through the Einstein-Hilbert term
with g µν E as the space-time metric in the Einstein frame. It should be noted that the bosonic sector action of N = 1 supergravity coupled to chiral and vector matter multiplets is usually given in the Einstein frame [23] . The corresponding potential in the Einstein frame takes the form:
where
is the F-term potential and
is the D-term potential. Consequently the potential (2) in the Jordan frame is related to the potential (5) in the Einstein frame by
The action in the Jordan frame can be obtained from the Einstein frame action by rescaling only the metric and the farmions. In [23] this is done by using an N = 1, 4D superconformal theory [57] with local SU (2, 2|1) symmetry. Under this superconformal transformation the metric in a Jordan frame is related to the metric in the Einstein frame by
where the superconformal factor Ω 2 can be identified as
The second choice of Ω 2 in this equation yields a purely bosonic action in N = 1, 4D supergravity in a particular Jordan frame considered in [58, 59] for the superHiggs Effect. Moreover, in order to have canonical kinetic terms in a purely bosonic action (which has special interest in cosmology), the frame function F should have the form [23] :
i.e. for this choice
where J (X ) andJ (X ) are the holomorphic functions of scalars. Such supergravity theories in which scalars are conformally coupled to gravity, kinetic terms are canonical, and the supergravity potential coincides with the global theory potential are known as Canonical Superconformal Supergravity (CSS) models [22] . The supergravity potential in CSS Jordan frame is same as the global SUSY scalar potential [22, 45, 53] . The F-term of this potential, on which we are interested is
where sum is taken over all the superfields X α . The corresponding F-term supergravity potential in CSS Einstein frame is related with the frame function (11) or with the conformal factor (12) via the relation (8) .
We can preserved the superconformal symmetry of matter multiplets by setting J (X ) = 0. In this case, the non-minimal coupling of the scalar fields become fixed and hence the scalar fields are conformally coupled to gravity. However, we can break the superconformal symmetry explicitly by setting an appropriate holomorphic function J (X ), which will include the nontrivial non-minimal coupling to gravity [22, 24, 45] . An important possibility, in our context, to break the superconformal symmetry of the matter multipletes in the supergravity action is to introduce a dimensionless parameter in the holomorphic function J (X ). As a simple illustration, if we denote this parameter by χ and introduced two complex scalar fields, viz., S and Φ, then after the gauge fixing, the holomorphic function J (X ) can be expressed as − 3χ 4 Φ 2 [22, 45] , which is independent of the field S. Under this situation the frame function (11) and the conformal factor (12) turn out to be [22] 
and
where ξ = − , the real part of the scalar field Φ is minimally coupled to gravity [22, 45] . As we are interested in the non-minimal coupling of the real part of the scalar field Φ with gravity, so we must have ξ > 0. This will introduce the non-minimal coupling term in the action (1) for the real part of the scalar field Φ as ξ 2 φ 2 R, where φ/ √ 2 = Φ +Φ /2 is the real part of Φ. For such non-minimal coupling, the F-term supergravity potential in CSS Einstein frame in general, with our present scalar fields can be expressed as
Thus, the above discussion showed that it is possible to get inflation models in supergravity with the non-minimal coupling to gravity. Throughout our above and further discussion we used the unit with M P = 1, which can be recovered wherever is required.
III. THE MODEL
We consider the simplest F-term SUSY hybrid inflation model, which is given by the most general form of superpotential [54, 55] 
where λ is a dimensionless coupling parameter, v is another constant parameter, Φ is a gauge singlet superfield containing the inflaton and S,S is a conjugate pair of supperfields play the role of waterfall field. The superpotential (17) has the R symmetry under which W → e iγ W, Φ → e iγ Φ and SS is invariant [55] . This model is attractive mainly because it is possible to embed it in the particle physics framework. Moreover, it is simple as it has only two parameters λ and v.
The Jordan frame action of our model (i. e. for the scalar fields z α = Φ, S,S) can be written as [23, 24, 51 ]
where F is the frame function as given by equation (14), A µ is the purely bosonic part of the on-shell value of the auxiliary field A µ of supergravity, which is given by [65] 
Here F α = ∂F ∂z α . Thus the kinetic terms of the scalar fields are partly determined by the value of A µ . However, to achieve the canonical kinetic terms of scalar fields in the Jordan frame within the relation between K and F given by the equation (10), it is required that F αβ = ∂ αβ and A µ = 0 [23, 24] . The first requirement can be achieved with our choice of the frame function (11) (whose explicit form is given by the equation (14)). But second requirement can not be achieved in general due to the angular modes of complex scalar fields, except in the case when the moduli |z α | dominate the dynamics during the cosmological evolution, the scalar kinetic terms can be of canonical form [23, 24] . As discussed in the previous section, due to our choice of holomorphic function J , our model will give supergravity inflation with non-conformal but non-minimal coupling to gravity.
The supergravity F-term scalar potential in the Jordan frame V J can be written from the superpotential (17) using the equation (13) obtained from the superconformal approach to supergravity discussed in the previous section, as
From this potential we find that SUSY global minimum lies at,
which preserves SUSY. However, at tree level there is no term in equation (20) which may drive Φ to zero. This problem will eliminate if radiative corrections are taken into account because, these corrections drive the system towards the global minimum by lifting the potential in the Φ direction [54, 55] . Now using the superconformal transformation relation (9) via relation (10), the Einstein frame action of our model can be expressed as [23, 24, 51 ]
where the property (3) is used in this expression. The Einstein frame potential V E is related Jordan frame potential V J through the relation (8) or (16) . As discussed in the previous section, it is clear from the first term of the r.h.s. of this expression that action in the Einstein frame S E exhibits minimal couplings of the scalar fields z α to R E . Let us define the canonically normalized inflaton field as φ = √ 2|Φ| [60] , and similarly we constrained that S =S = S/ √ 2 [61], S being a real scalar field. In fact S is the waterfall field, whose mass is heaver than the mass of the inflation field φ. Now the scalar potential (20) becomes
If we consider that the inflaton field φ coupled non-minimally with the gravity (ξ > 0) during inflation, then in view of the equation (16) the scalar potential in Einstein frame can be written as
We are interested in inflationary trajectories with non-minimally coupled to gravity. So afterwards we will focus our attention only on Einstein frame potential (24) . It should be noted that, as in the case of the potential (23), this potential also has two (gauge) symmetry breaking vacua (SBV) at
where the inflation ends and SUSY is preserved with a fast phase transition driven by the waterfall field S. But at this point, it is important to remember that the field φ in the Einstein frame is not canonically normalized due to nonminimal coupling parameter ξ = 0. The canonically normalized inflaton field ϕ in the Einstein frame is related to the field φ as follows [22, 45] :
However, the asymptotic form of solution of this equation shows that in the interval 0 < φ << 1 ξ gives ϕ ≈ φ (for details see [22] ). Since in our work, the effective range of φ belongs approximately to this interval due to small values of ξ (see below), so we may consider φ itself as the canonically normalized inflaton field in the Einstein frame for our further analysis below. (24) for three different values, viz., 0.01, 0.10 and 0.50 respectively of the non-minimal coupling parameter ξ. It is observed that the field system or the inflationary dynamics becomes unstable with a higher value of the parameter ξ because with a increasing value of ξ, the range of the inflationary trajectories to be end at SBV squeezes, whereas the range for the inflationary trajectories along direction of field S increases. The φ = S = 0 point is an unstable point and hence from this point with S = 0, φ tends to roll to its infinitely higher value from both sides to the minimum of its potential. This rolling is very fast for higher value of the coupling parameter ξ. That is, for higher values of ξ the potential lost its flatness required for inflation. But after certain suitable value (≤ 0.01) of the parameter, the potential becomes sufficiently flat along the normal inflationary trajectory (i.e. along S = 0) (see the first panel of the Fig.2 ), favouring for slow-roll inflation.
The mass of the waterfall field S obtained from the potential (24) is
It's mass vanishes when φ ∼ ±v and becomes tachyonic for φ < |v|. This is clearly indicated by the fact that at φ = 0, m
It is the condition to generate instability to stop the inflation by the field S. Moreover, for any value of the inflaton field φ = 0, the mass of the waterfall field S is the coupling parameter dependent. The middle panel of the Fig.2 shows these features of the m S with respect to field φ at different values of the ξ. It is seen that for φ > ±v, the m 2 S is highly dependent on the value of the ξ, as within this range of φ, m 2 S decreases very fast with increasing value of the ξ. Whereas in the range of φ < ±v, m S almost independent of the ξ.
Similarly, the mass of the inflaton field φ given by the potential (24) is
For the inflaton field φ to be remained as a real field, the equation (28) suggests that, the possible minimum values of the waterfall field S should be The value of S min increases gradually with the value of the parameter ξ. It is also clear from this equation that at S ∼ v, m φ ∼ λv. Thus, it is interesting to note that the inflaton field acquired the constant mass independent of the parameter ξ, when waterfall field takes the constant parameter value v. This is a distinguishable behaviour of m φ from m S . All these characteristics of m φ are indicated in the right panel of the Fig.2 , where m 2 φ is plotted with respect to the waterfall field S for different values of the coupling parameter ξ. Furthermore, we have seen that the mass of the inflaton field is more sensitive to parameter ξ, as it should be and the mass almost remain positive for smaller values of ξ (≤ 0.01).
IV. SLOW-ROLL INFLATION PARAMETERS AND RELATED OBSERVABLES
In the previous section we have seen that below a suitably small value (≤ 0.01) of the non-minimal coupling parameter ξ, the scalar potential (24) becomes sufficiently flat along the inflationary trajectory S = 0 favourable for slow-roll inflation. Hence, within this range of values of ξ we may apply the reasonable slow-roll approximation to the inflation driven by the potential. In the slow-roll inflation scenario, the slow-roll parameters are usually used to set constraints on the observable parameters produced by a given inflationary potential for the requirement of acceptable inflation. For a given potential V (φ), the usual slow-roll parameters are expressed as
in the unit of M p = 1, where primes denote the derivatives with respect to φ. These parameters are used to express the observable in the slow-roll approximation of inflation, which are
where n t is the tensor spectral index, n tk is its running, n s is the scalar spectral index, n sk is its running and n skk is the running of the running. δ is the scale of inflation. r is the ratio of tensor to scalar perturbations, defined by
where 38) are the power spectrum of scalar and tensor perturbations respectively. It should be noted that all the quantities with a subscript H are evaluated at the inflation scale φ H , at which some 50 -60 e-folds are produced before the end of inflation. If we define a quantity δ ns by
then using the equation (32) we may rewrite the equation (33) as a constraint equation among the observables as [62] n tk = r 64 (r − 8δ ns ).
This constraint equation should be satisfied by any model of inflation that based on the slow-roll approximation as it is model independent. Hence it would indicate a departure from the slow-roll approximation if the values obtained for the observables fail to satisfy this equation.
The reported value of the tensor-to-scalar ratio from the BICEP2 [11] experiment is r = 0.20
−0.05 . After the foreground subtraction based on dust model its value is reported as r = 0.16 +0.07 −0.05 . It is a significantly higher value than the upper bound set by the Planck Collaboration (r < 0.11 at 95% c.l.) [9, 10] , indicating a large scale inflation. From this reported data of the BICEP2 experiment it can be inferred that the scale of inflation to lie in the range 2.03 × 10
16 GeV < ∆ < 2.36 × 10
16
GeV. But, most recent combined analysis of the data of BICEP2 and Keck Array experiments [12] sets the upper limit of r as < 0.07 at 95% c.l., which is in consistent with the Planck's upper bound. Similarly, the latest data of Planck [10] give the constraint on the scalar spectral index with n s = 0.968 ± 0.006 at 68% c.l.. As there is(are) no conclusive observation(s) yet on the expected value r, we will use all these observed data on r to analyze our model. Hence, in the light of these data, if we take δ ns = 0.032 and 0.15 < r < 0.27, a simple calculation from the equation (40) gives that n tk will take values within the range −2.48 × 10 −4 < n tk < 0.59 × 10 −4 . Similarly for the Planck's and BICEP2/Keck's upper limits on r, such calculation gives −2.51 × 10 −4 < n tk < 0 and −2.03 × 10 −4 < n tk < 0 respectively. Thus these will additionally set constraints to test our model.
V. THE MODEL'S PREDICTIONS
Substituting the scalar potential (24) in expressions for the slow-roll parameters in the equation (30), we obtain the explicit expressions for these parameters in terms of the inflaton field φ and the non-minimal coupling parameters ξ along the inflation direction S = 0 as
Using equations (41) and (42), we may express the non-minimal coupling parameter ξ in terms of the slow-roll parameters ǫ and η as given by
Again, this expression can be rewritten in terms of the parameters δ ns and r as
which indicates that the non-minimal coupling parameter ξ is a positive non-zero physical parameter, because 16δ ns > r in view of the BICEP2 and other data mentioned above and its value depends on the inflaton field φ with a non-linear opposite correlation. That is, coupling is very large in the very early stage of evolution of φ, whereas it is very small in the latter stage. Moreover, as obvious the large value of r implies the large coupling in comparison to small r (see the Fig.3 ). In addition, the equation (45) or (46) also justifies the existence of non-minimal coupling term ξ 2 φ 2 R with the real part of the scalar field Φ as discussed in the section 2.
Similarly, in terms of equations (41) and (42), we may re-express the slow-roll parameters ξ 2 and ξ 3 as given by
and ξ 3 = 3ǫ(3η
Thus it is clear that the parameters ǫ and η are sufficient only to study the slow-roll approximation of the inflation driven by the potential (24) .
A. Relations between r, ns and φ
For visualization of variation of the tensor-to-scalar ratio r and the scalar spectral index n s with respect to the inflaton field φ as well as the variation of r with respect to n s , we may do the numerical calculations by substituting the equations (41) and (42) in equations (32) and substituting equation (41) in equation (37) for different values of non-minimal coupling parameter ξ. The values of the parameter ξ are decided on the basis of bounds of data of r and n s as mentioned above. It should be noted that, for simplicity of numerical calculations we have taken ξ as independent of φ, although ξ depends on φ as we have already seen above. The results of these calculations are shown in the Fig.4 . It is seen that as the constraint set by the Planck's data on n s = 0.968 ± 0.006, the BICEP2's data are found to lie within the values of r for 0.0057 < ξ < 0.0085. Whereas according to the upper bounds of r given by the Planck and BICEP2/Keck experiments, the actual value of r should lies below the values of the same for ξ < 0.0051 and ξ < 0.0046 respectively. Moreover, the BICEP2/Keck's data on upper bound of r lies well within the 95% and 68% confidence level (c.l.) contours obtained from Planck's data (see the top left panel of the Fig.4 ). This indicates that the most probable value of ξ should be ∼ 0.0046 ± 0.0005.
The values of φ corresponding to data points in the φ − n s plot (top middle panel of the Fig.4 ) are guided to draw the same points in the φ − r plot (top right panel of the Fig.4) . These values of φ are ≈ 11.51 and ≈ 8.61 corresponding to upper limit of r = 0.27 and to lower limit of r = 0.15 respectively of BICEP2's data, ≈ 7.31 and ≈ 5.91 respectively for upper bounds of Planck's (r < 0.11) and BICEP2/Keck's (r < 0.07) data. It is clear from the φ − r plot that the value of r is maximum (r max ) at a particular value of φ (φ rmax ). However, except the upper limit of BICEP2's data, which lies almost at φ rmax , all other data points lie at initial phases than φ rmax , such that smaller the value of data point with smaller ξ, the phase of φ would be much initial. The data points in φ − r plot may be considered as the average value of r over a certain range of φ including φ rmax for the concerned value of ξ. For example, the upper bounds of BICEP2/Keck's and Planck's data on r are found to be the average values of r over ≈ 94% and ≈ 74% distributions of r with respect to φ for ξ = 0.0046 and ξ = 0.0051 respectively. Similarly, the lower and upper limits of BICEP2's data on r are appeared to be the average over ≈ 55% and ≈ 14% of same distributions for ξ = 0.0057 and ξ = 0.0085 respectively (see the bottom panels of the Fig.4) . Thus during the inflation, the evolution of φ from φ H to φ e (at the end of inflation) should always contains the value φ rmax , where r reaches its maximum value r max before starts to decrease. Moreover, the average values of r over whole distributions for ξ = 0.0046, ξ = 0.0051, ξ = 0.0057 and ξ = 0.0085 are ≈ 0.056, ≈ 0.06, ≈ 0.063 and ≈ 0.08 respectively. All these values of r lie within the upper bound set by the Planck and BICEP2/Keck collaboration and the model prediction is most reliable for BICEP2/Keck's upper bound, but least reliable for the BICEP2's data.
B. Number of e-foldings
To see what are the values of e-foldings that are related with the values of inflaton field φ corresponding to bounds of tensorto-scalar ratio r set by different experiments as mentioned above, we have derived the expression for the number of e-foldings [6] given by the potential (24) as
where φ c is the critical value of φ below which S = 0 becomes unstable due to tachyonic instability (m 2 S < 0). This critical value of φ for the potential (24) is φ c = |v| (refer to equation (27) ). The numerical calculations using the equation (49) give that the lower and upper limits of r from the BICEP2 experiment correspond to ≈ 104 and ≈ 88 e-foldings with φ = 8.61 and φ = 11.51 respectively. Similarly, the upper bounds of r from the BICEP2/Keck and the Planck experiments correspond to ≈ 101 and ≈ 104 e-foldings with φ = 5.91 and φ = 7.31 respectively (see the Fig.5 ). It is clear that apart from the upper limit of the BICEP2 experiment, all other bounds on r give approximately the same value of number of e-foldings. Hence, it is difficult to infer something from the prediction of number of e-foldings by the model using this analysis. However, it is certain that the model could predict a sufficient number of e-foldings (> 60) for upper bounds of r set by the BICEP2/Keck and the Planck experiments. The number of e-foldings N ≥ 60 is required for any model of inflation to be valid [6] . The specific inference of our model's prediction in terms of the number of e-foldings is discussed in the section V F below.
C. Relations between r, n tk and φ Similar numerical calculations are done on the equation (40) using equations (41) and (42) via equations (32) and (37) to see the variation of the running of the tensor spectral index n tk as a function of the tensor-to-scalar ratio r and the field φ for different values of the parameter ξ corresponding to different experimental bounds on r as mentioned above. The model independent numerical calculation is also done using equation (40) for values of r from 0 to 0.27. The results of all these calculations are shown in the Fig.6 . The model independent r − n tk curve is found to passage through points on model based r − n tk curves for different ξ (see the left panel of Fig.6 ). These points give the values of n tk corresponding to different experimental bounds on r (refer to previous section). This suggests that the values of n tk for 0.0057 < ξ < 0.0085 lies within the range of BICEP2 data as stated above. On the other hand, the values of n tk for ξ < 0.0046 and ξ < 0.0051 lie within the upper bounds of BICEP2/Keck's and Planck's data respectively. Furthermore, the value of n tk for the upper bound of BICEP2/Keck's data is found to lies well within the 95% and 68% c.l. contours drawn on the basis Planck's data. Hence, the most probable value of the non-minimal coupling parameter ξ should be ∼ 0.0046 ± 0.0005. This is the same inference as we have drawn above.
n tk is appeared to has oscillatory nature from negative to positive value with increasing value of φ (see the right panel of this figure) . Comparison with the top right panel of the Fig.4 it is clear that the at φ rmax , n tk reaches to its zero value. This is because, the n tk represents the second harmonics of the tensor power spectrum, whereas r represents its principal harmonics. n tk attains its minimum negative value at a particular value of φ during its initial stage of evolution in the inflation phase. Almost at this stage, the values of n tk for ξ < 0.0046 and ξ < 0.0051 lie within the upper bounds of BICEP2/Keck's and Planck's data respectively. But near to this stage only, the values of n tk for ξ > 0.0057 lie above the lower limit of BICEP2's data. Whereas the n tk values for ξ < 0.0085 lie below the upper limit of BICEP2's data are significantly away from minimum negative stage of φ (but slightly towards positive side). The values of φ corresponding to all these experimental limits of r are same as mentioned earlier.
D. Relations between r, n sk and φ Substitution of equation (47) in the equation (34) and then using the definitions of r and δ ns , the running of the scalar spectral index n sk can be expressed in a more suitable form as in the case of n tk as Variation of the running of the tensor spectral index n tk as a function of r and of the field φ for different values of non-minimal coupling parameter ξ used on the basis of experimental bounds on r. In the r − n tk plot, the dash-dot-dash curve represents the model independent values of n tk obtained from the equation (40) for values of r from 0 to 0.27. In the same plot, contours represent 95% and 68% c.l. obtained on the basis of Planck's data. In both plots, the big solid circles represent for the upper bound and the small circle for the lower bound of data. The black colour is for the BICEP2's, blue colour for the Planck's and red colour for the BICEP2/Keck's data. This is the model independent form of expression for n sk . A simple calculation from this equation using the range of BICEP2's data shows that n sk will take values within the range 3.0 × 10 −4 < n sk < 5.4 × 10 −4 . Similar calculations for the upper bounds of BICEP2/Keck's and Planck's data give that n sk should take values within the ranges of 0 < n sk < 1.4 × 10 ) for different values of non-minimal coupling parameter ξ as in the previous cases. In the r − n sk plot, the dash-dot-dash line represents the model independent values of n sk obtained from the equation (50) for values of r from 0 to 0.27. Contours in the r − n sk and ns − n sk plots indicate the 95% and 68% c.l. obtained from Planck's data. The shaded area in the ns − n sk plot indicates range of Planck's ns data. In all plots, the big solid circles represent for the upper bound and the small circle for the lower bound of data. The black colour is for the BICEP2's, blue colour for the Planck's and red colour for the BICEP2/Keck's data.
It is observed that as in the case of n tk , the model independent values of n sk for r = 0 to 0.27 passage through different points on the model based r − n sk curves depending on the values ξ. These points correspond to different limits of observed value of r. Thus same inference can be made from r − n sk plot together with n s − n sk plot as in the case of previous r − n tk plot of the Fig.6 as well as in the case of n s − r plot of the Fig.4 . That is, our model could incorporate all experimental limits of r as well as experimental value of n s within a specific range of values of the non-minimal coupling parameter ξ and the most probable value of ξ should be ∼ 0.0046 ± 0.0005.
As in the case of φ − r plot of the Fig.4 , the value of n sk becomes maximum (n skmax ) at a particular value of φ (φ nskm ). But this happens in a earlier phase of φ for this case than φ − r plot and accordingly data points are shifted towards (away from for ξ = 0.0085) n skmax to retain their position over the specified values of φ as mentioned earlier. Hence, there is a reasonable (and should be observable) phase difference between the value of r and n sk and it is due to the δ ns factor appearing in the equation of n sk . Taking the reference of φ − r plot, we have found that the values n sk for upper bounds of BICEP2/Keck's and Planck's data correspond to ≈ 78% and ≈ 52% of total values of φ − n sk curves for ξ = 0.0046 and ξ = 0.0051 respectively. Similarly, lower and upper limits of BICEP2's data correspond to ≈ 28% and ≈ 68% of total values of φ − n sk curves for ξ = 0.0057 and ξ = 0.0085 respectively. Thus φ nskm should be contained in the process of evolution of φ during the inflation as in the case of φ rmax .
Again, comparing with the φ − n s plot of the the Fig.4 , it can be seen that where the values n s remain as constants (maximum or minimum), there the values n sk are zero. Moreover, with higher values of ξ as the values of n s increases gradually at earlier phases of φ, so n sk also increases with similar fashion. These corresponding behaviours of n s and n sk with respect to φ are due to the fact that n sk is the principal harmonics of the scalar power spectrum and is the running of n s .
E. Relations between r, n skk and φ Finally, substituting equations (47) and (48) in the equation (35) and then using the definitions of r and δ ns , we can express the running of the running of scalar spectral index n skk in the following standard form:
This is also the model independent form of the expression for n skk . As earlier, the similar calculation for the BICEP2's data range shows that n skk should lie within the range −10.06 × 10 −6 < n skk < 1.16 × 10 −6 . For the upper bounds of the BICEP2/Keck's and Planck's data show that n skk should lie within the ranges of 0 < n skk < 2.64 × 10 −6 and 0 < n skk < 2.50 × 10
respectively. The Fig.8 shows the variations of n skk with respect to r, with respect to n s and with respect to the field φ that are obtained from the numerical calculations as in the previous cases. and as a function of the field φ (right panel) for different values of non-minimal coupling parameter ξ used as in the previous cases. In the r − n skk plot, the dash-dot-dash line represents the model independent values of n skk obtained from the equation (51) for values of r from 0 to 0.27. Contours in the r − n skk and ns − n skk plots indicate the 95% and 68% c.l. obtained from Planck's data. The shaded area in the ns − n skk plot indicates range of Planck's ns data. In all plots, the big solid circles represent for the upper bound and the small circle for the lower bound of data. The black colour is for the BICEP2's, blue colour for the Planck's and red colour for the BICEP2/Keck's data.
From the r − n skk and n s − n skk plots of this figure a similar conclusion can be drawn on the value of non-minimal coupling parameter ξ i.e. on the model prediction as in the previous cases, although in the n s − n skk plot all bounds of data, except upper bound of BICEP2's data fall into even in the 68% c.l. prediction. However, this inclusion can be restricted from the r − n skk plot.
Moreover, the values of n skk oscillates in between positive to negative values with the increasing values of n s and φ as n skk represents the second harmonics of scalar power spectrum. Hence at φ nskm , the value of n skk is found to be zero (refer to the previous figure). Due to this fact, points corresponding to the data on φ − n skk plot are shifted towards minimum negative side (in fact the upper bound of the BICEP2's data point reaches the minimum negative position). Thus, our model could predict all conventional observables of the slow-roll approximation of inflation corresponding to the different experimental bounds of the tensor-to-scalar ratio r as well as to the Planck's precise experimental value of scalar spectral index n s as mentioned above. The corresponding predicted values of the inflaton field φ are found to be same for all observables.
Furthermore, it is worthy to mention that although the equation (40) is based on the model independent derivation, but the equations (50) and (51) are derived from our model. The derivations of these two model independent compact constrained equation proves the mathematical ingenuity of our model.
F. Observables in terms of number of e-foldings
In order to compare our model's predictions precisely with other models as well as with observations, it is necessary to calculate the observables of slow-roll parameters in terms number of e-foldings. For this purpose, we solve the equation (49) of the number of e-foldings asymptotically to obtain the inflaton field φ as given by
Substituting this equation into the equations (37) and (32) via equations (41) and (42), we obtain the expressions for r and n s in terms of the number of e-foldings N as follows:
For the given value of ξ, the values of r and n s can be calculated for different values of number of e-foldings N using these two equations. The corresponding values of n tk , n sk and n skk can be obtained from the equations (40), (50) and (51) respectively. Now it is almost universally accepted that the number of e-foldings before the end of inflation were 50 − 60. So in our calculation we have taken three values of number of e-foldings, viz., N = 50, 60 and 70 by widening the e-folding window in the upper side by one decade value. Moreover, from above analysis it is clear that the most probable value of non-minimal coupling parameter ξ should be of the order of 0.0046 ± 0.0005. Hence for this calculation we have taken three values of ξ also, viz., 0.0041, 0.0046 and 0.0051. Table I shows the estimated values of different observables from our model for the said values of N and ξ. To compare these values with other models, we have shown the results of Refs. [44] , [51] , [62] and [64] in the table  II.   TABLE I : Estimated values of inflationary observables for the potential (24) with non-minimal coupling parameter ξ = 0.0041, 0.0046, 0.0051 and number e-foldings N = 50, 60, 70. Estimation of values of r, ns, n tk , n sk and n skk are made using equations (53) , (54) , (40) , (50) It is seen from the table I that, the values of the tensor-to-scalar ratio r estimated from our model for the number of e-foldings N = 50 − 70 with non-minimal coupling parameter ξ = 0.0041, 0.0046 and 0.0051 lay well below the upper limits set by Planck (r < 0.11 at 95% c.l.) [9, 10] and BICEP2/Keck (r < 0.07 at 95% c.l.) [12] collaborations. Similarly, the estimated values of the scalar spectral index n s from our model for these parameters are seen to be very close to the latest value of n s (0.968 ± 0.006 at 68% c.l.) as measured by the Planck collaboration [10] . Particularly, the values of n s with ξ = 0.0041 are almost in agreement with the Planck's data. All observables increase in their magnitudes with increasing value of N and ξ, but n s decreases with increasing ξ, within the range of e-foldings between 50 − 60. However, the actual behaviours of different observables over a wide range of N are different as shown in the Fig.9 . Table II shows that for the equivalent number of e-foldings (50, 60) different models estimated different values of observables. The agreement of the results of the Ref. [51] is only very good with our model. In the Ref. [51] the supergravity Higgs inflation model under shift symmetry is used. The value of n sk in our model is found to be positive, whereas for all models in the table II, except for the hybrid natural inflation model used in the Ref. [62] , its value is negative. [44] , [51] , [62] and [64] . The values of observables from the Ref. [44] are for the cosmological attractor inflation model derived from the RG-improved Higgs sector of finite gauge theory. From the Ref. [51] are for the Higgs inflation model in supergravity. Those from the Ref. [62] are for the model of hybrid natural inflation. Here the quantity Nχ(a) corresponds to the number of e-foldings controlled by a waterfall field χ to provide the required amount of inflation with a free parameter a of the model. Observables from the Ref. [64] are for the exponential potential in the tachyon inflationary scenario (for details please see these references).
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VI. SUMMARY AND CONCLUSIONS
We have found that the idea of supersymmetric hybrid inflation with non-minimal coupling to gravity is very interesting and useful, because the simplest version of the model based on it can accommodate the recent results for the tensor-to-scalar ratio r reported by the BICEP2 experiment as well as its upper limit set by the Planck and BICEP2/Keck experiments within certain ranges of values of non-minimal coupling parameter ξ. The values of r for 0.0057 < ξ < 0.0085, restricted by the Planck's data on n s , fall within the range of BICEP2's data. Similarly, the values of r for ξ < 0.0046 and ξ < 0.0051, restricted by the same Planck's data, fall within the range of upper bounds of the BICEP2/Keck's and the Planck's data respectively. Within these ranges of data as well as the said ranges of parameter ξ, the expected values of the running of the tensor spectral index n tk , scalar spectral index n sk and its running n skk are found to belong. The values of the inflaton field φ corresponding to all these observables are found to be ≈ 5.91, ≈ 7.31, ≈ 8.61 and ≈ 11.51 respectively for upper bound of BICEP2/Keck's data, upper bound of Planck's data, lower bound of BICEP2's data and upper bound of BICEP2's data. The number of e-foldings corresponding to these values of φ are found to be > 60 as expected. The 95% and 68% confidence level predictions based on the Planck's data for all the said observables indicate that the most probable value ξ of our model should be ∼ 0.0046 ± 0.0005. Implying that the coupling is very week. Within this range of probable value of ξ, the values of r estimated from our model for 50 − 70 number of e-foldings are laying well within the upper limits set by the Planck and BICEP2/Keck collaborations. Similarly, for the said parameters, the values of n s estimated from our model are in good aggrement with its latest Planck data. Moreover, these estimated values of r and n s are also found to be in aggrement with the results of the Ref. [51] .
Thus, this type of model can be used predict a wide range of observational data on the cosmic inflation. So, it would be interesting to see the predictions of observables of the cosmic inflation by other versions of such model in future. In this context, it should be noted that the running of the scalar spectral index n sk can be considered as a probe of both inflation itself, and of the overall evolution of the very early universe as its magnitude is relatively consistent in comparison to tensor amplitude [63] . It is potentially detectable by future large scale observations through measurements of clustering of high-redshift galaxy surveys together with CMB data or the 21 cm forest signal observations [63] . In the event of such measurements, our model of non-minimal coupling of gravity with SUSY hybrid inflation will play a significant role.
The constrained equation for the running of the tensor spectral index n tk (equation (40)) is derived independent of any model. However, such equations for the running of the scalar spectral index n sk and its running n skk (equations (50) and (51) respectively) are derived based on the structure of our model. All these equations can be used as constraint equations of slow-roll approximation. Specially, the equation (40) can be used to test slow-roll approximation itself, and equations (50) and (51) can be used to test our model from the data of future cosmological observations. Moreover, derivation of these two compact equations from our model indicates the rich mathematical structure of the model.
